) is an essential nutrient for animals, lower eukaryotes, and many prokaryotes. The unique organometallic bond of AdoCbl, between the cobalt ion of the corrinoid and the carbon of the 5=-deoxyadenosyl group, lies at the center of its reactivity. The formation of this bond is catalyzed by ATP:cob(I)alamin adenosyltransferase (ACAT) enzymes (1). There are three types of ACAT enzymes, namely, CobA, PduO, and EutT (2-8). They do not share sequence similarity at the nucleotide level or at the amino acid level, making them a good example of convergent evolution. All three ACAT types were discovered in Salmonella enterica, and they serve distinct growth requirements. The CobA type is the housekeeping ACAT, whereas PduO and EutT are specialized enzymes needed for growth on 1,2-propanediol and ethanolamine, respectively (7, 9).
C
oenzyme B 12 (adenosylcobalamin, AdoCbl, CoB 12 ) is an essential nutrient for animals, lower eukaryotes, and many prokaryotes. The unique organometallic bond of AdoCbl, between the cobalt ion of the corrinoid and the carbon of the 5=-deoxyadenosyl group, lies at the center of its reactivity. The formation of this bond is catalyzed by ATP:cob(I)alamin adenosyltransferase (ACAT) enzymes (1) . There are three types of ACAT enzymes, namely, CobA, PduO, and EutT (2-8). They do not share sequence similarity at the nucleotide level or at the amino acid level, making them a good example of convergent evolution. All three ACAT types were discovered in Salmonella enterica, and they serve distinct growth requirements. The CobA type is the housekeeping ACAT, whereas PduO and EutT are specialized enzymes needed for growth on 1,2-propanediol and ethanolamine, respectively (7, 9) .
Extensive work has been done to understand the mechanism of corrinoid adenosylation performed by the CobA and PduO type ACATs. These two types of enzymes facilitate the thermodynamically unfavorable reduction of cob(II)alamin to cob(I)alamin by generating a cob(II)alamin four-coordinate intermediate in the active site of the enzyme (10) (11) (12) . Both CobA and PduO use conserved aromatic side chains located directly below the cobalt ion to displace the lower ligand of Cbl and generate the four-coordinate species (5, 13) . The reduction potential of the cobalt ion in this intermediate is raised enough so that free or protein-bound dihydroflavins can reduce cob(II)alamin to cob(I)alamin (5) . Unlike the CobA and PduO type ACAT enzymes, nothing is known about the mechanism of how the thermodynamically unfavorable reduction to cob(II)alamin is facilitated when EutT type ACAT enzymes adenosylate Cbl. In fact, the EutT type enzyme is the least understood of the three types of ACATs because it has not been isolated to homogeneity.
We previously reported a method for enriching a sample with EutT using detergents (6) . We proposed that the EutT type ACAT enzyme contained a metal cofactor because the protein contains an HX 11 CCXXC 83 motif that resembles those found in Fe/S-containing proteins and inferred that the metal cofactor was labile to oxidation and could be extracted from the protein by metal chelators (6) . Problems with the isolation of EutT hindered its biochemical characterization.
In this study, we successfully purified wild-type EutT to homogeneity in the absence of detergents. Herein, we report the initial kinetic characterization of EutT and show that the enzyme requires a divalent, transition state metal ion and is most active when in complex with ferrous ions. Results from experiments using homogeneous EutT demonstrate that free dihydroflavins can reduce cob(II)alamin, suggesting that EutT, similar to CobA and PduO, facilitates the unfavorable reduction of cob(II)alamin. This is the first known example of an ACAT requiring an inorganic cofactor for activity.
MATERIALS AND METHODS

Construction of expression vectors.
To generate a recombinant construct of EutT with an N-terminal hexahistidine (H 6 ) tag and a maltosebinding protein (MBP) tag in tandem, the S. enterica eutT ϩ allele was PCR amplified from the S. enterica strain JE6583 (see Table S1 in the supplemental material). The primers used for the amplification were 5=-GTAG GTACCATGAACGATTTCATCACCGAAAC-3= (forward) and 5=ATCA AGCTTTCATGGCTTCTCTCCCAACC-3= (reverse). The PCR fragment and the vector pTEV6 (14) were cut with restriction enzymes KpnI and HindIII and then ligated, yielding plasmid pEUT76 (see Table S1 ). Plasmid pEUT76 directed the synthesis of a recombinant H 6 -MBP-EutT protein whose tags were removed using recombinant tobacco etch virus (rTEV) protease (15) . Tagless EutT protein contained two residues (GlyThr) upstream of its N-terminal methionine; such residues did not block enzyme function.
eutT alleles encoding variant EutT proteins were generated using the QuikChange XL site-directed mutagenesis kit (Stratagene). The pEUT76 plasmid was used as the template for the PCR-based site-directed mutagenesis in accordance with the manufacturer's instructions. Mutations were confirmed by DNA sequencing using nonradioactive BigDye (ABI-Prism) protocols. DNA sequencing reactions were resolved at the Biotechnology Center of the University of Wisconsin-Madison.
EutT protein overproduction and purification. Escherichia coli strain BL21(DE3) was used to overproduce wild-type and variant EutT proteins. Strains were grown at 37°C with 200-rpm agitation in Super Broth (SB) medium supplemented with ampicillin (100 g/ml). After the culture reached an optical density at 650 nm (OD 650 ) of ϳ0.7, the inducer isopropyl-␤-D-thiogalactopyranoside (IPTG; 1 mM) was added to the medium. Cells were grown an additional 12 h at 15°C and harvested by centrifugation at 12,000 ϫ g using a Beckman/Coulter Avanti J-25I centrifuge equipped with a JLA-16.250 rotor. Cell pellets were frozen at Ϫ80°C until used.
The purification steps described below were performed inside an anoxic chamber (Coy Laboratories) at 25°C; anoxic conditions during centrifugation steps were maintained using stainless steel tubes fitted with lids fitted with expandable O rings. Cell pellets obtained from a 1-liter culture (ϳ5 g of wet cell paste) were thawed and resuspended in 30 ml of piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES) buffer (0.1 M, pH 7.0 at 25°C) containing the protease inhibitor phenylmethanesulfonyl fluoride (PMSF; 1 mM), DNase (25 g/ml), lysozyme (1 g/ml), imidazole (20 mM), tris(2-carboxyethyl)phosphine (TCEP; 1 mM), and NaCl (0.5 M). The high salt concentration was included to maintain EutT solubility. The resuspended cell paste was loaded into a French pressure cell at 4°C under a stream of O 2 -free nitrogen to create an anoxic environment. The cell suspension was passed through the French press once at 103 MPa. The cell lysate was collected and sealed while being flushed with O 2 -free nitrogen gas. Cell debris was removed by centrifugation at 4°C for 45 min at 45,000 ϫ g. The resulting supernatant was filtered (0.45 m; Nalgene), and proteins were resolved from crude lysate using an ÄKTA Purifier fast protein liquid chromatograph equipped with a 5-ml HisTrap column (GE Healthcare).
The column was washed with 25 ml of buffer A (PIPES; 0.1 M, pH 7.0 at 25°C), imidazole (70 mM), TCEP (1 mM), and NaCl (0.5 M). Untagged EutT protein was separated from the cleaved H 6 -MBP tag on a 5-ml HisTrap column over 25 ml of buffer C. The column flowthrough was collected, and the buffer was exchanged for storage buffer (PIPES [0.2 M, pH 7.0 at 25°C] containing NaCl [0. 25 M] , and TCEP [1 mM]). The untagged EutT protein mixture was loaded onto a column packed with 5 ml of amylose resin (New England BioLabs) to resolve EutT from trace amounts of the H 6 -MBP tag. The column flowthrough was collected over 25 ml. Protein concentration was determined by measuring the absorbance at 280 nm using the calculated molar extinction coefficient (24980; ExPASy [16] ). Glycerol was added to a final concentration of 50% (vol/vol), and additional ATP (0.25 mM) was added. Tagless EutT protein was stored in sealed anoxic vials at Ϫ20°C for up to 6 months without loss of activity.
In vitro adenosyltrasferase activity assays. The Co ϩ and Co 2ϩ continuous assays were performed as described previously (5, 17) with the following modification: the reaction buffer for the enzyme assay was changed to PIPES (50 mM, pH 7.0 at 37°C) to optimize EutT activity. The reaction buffer was treated with Chelex 100 resin (Bio-Rad) to remove trace metals. The extinction coefficient (ε) for AdoCbl at 525 nm in this buffer was determined to be 0.0074 M Ϫ1 cm Ϫ1 using pure AdoCbl standards. The calculated molar extinction coefficient for AdoCbl was consistent with values reported in the literature (18) . In the Co ϩ assay, cob(II)alamin was chemically reduced to cob(I)alamin using Ti(III)citrate (19) , whereas in the Co 2ϩ assay cob(II)alamin was reduced in the active site of EutT by free or protein-bound dihydroflavins as described previously (20) . The optimal concentration of free dihydroflavins in the Co 2ϩ assay was found to be 20 M, and reduced flavin adenine dinucleotide (FADH 2 ) was used as the electron donor in the kinetic assays. A preincubation step (15 to 20 min) was sufficient for the reduced dihydroflavins to completely reduce hydroxycob(III)alamin to cob(II)alamin. The flavin reductase Fre (0.005 mg/ml) and NADH (1 mM) were included to maintain the pool of reduced dihydroflavins. These assays were performed under anoxic conditions at 37°C; MgATP was added to a final concentration of 1 mM. Assays in relation to ATP were not performed due to the presence of ATP added to EutT to enhance its stability.
In vitro metalation of EutT. Purified EutT was dialyzed three times for 20 min each into HEPES buffer (50 mM, pH 7.0), TCEP (1 mM), and EDTA (1 mM) using D-tube dialyzers (10,000 molecular weight cutoff [MWCO] ; Novagen) to remove bound metals from the protein. EutT was dialyzed three times for 20 min each time into PIPES (50 mM, pH 7) and TCEP (1 mM) to remove EDTA. The dilution factor for each individual dialysis was 1:7,000. All dialyses were performed using anoxic buffers inside an anoxic chamber. All buffers were treated with Chelex 100 resin (Bio-Rad) to remove trace metals.
Demetalated EutT was incubated anoxically for 1 h on ice with one of several divalent metal cations (1 mM) in PIPES (50 mM, pH 7) and TCEP (1 mM). EutT was also incubated with the divalent metals in the presence of oxygen and H 2 O 2 (0.3%). H 2 O 2 was quenched by addition of catalase (550 units/ml; Sigma) after the first 5 min of incubation. Specific activity was evaluated using the Co 2ϩ assay.
Elemental analysis of EutT protein.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on EutT protein samples at the University of Wisconsin-Madison Soil Testing Laboratory (Verona, WI). Samples of EutT protein that was Ͼ99% homogeneous were concentrated to 6 M in 10 ml storage buffer containing PIPES (50 mM, pH 7.0 at 25°C) and TCEP (0.5 mM) supplemented with nitric acid (1% [vol/vol]) to enhance metal solubility. Additional replicates were run at the University of Georgia Chemical Analysis Laboratory (Athens, GA) using the same protocol described above.
Iron-binding assays. EutT was demetalated in an anaerobic chamber as described above and incubated with 1 molar equivalent of Fe 2ϩ for 1 h on ice. The protein was precipitated by addition of urea and removed from solution by centrifugation. A colorimetric iron assay kit (Sigma) was used to quantify the amount of Fe 2ϩ remaining in the solution in comparison to standards. Circular dichroism spectroscopy. Circular dichroism (CD) spectroscopy was performed on a model 202SF circular dichroism spectrophotometer (Aviv Biomedical) at the University of Wisconsin-Madison Biophysics Instrumentation Facility (Madison, WI). EutT was demetalated as described above and incubated with either zinc or a buffer control after dialysis into phosphate buffer (10 mM, pH 7). Scans were run from 190 to 310 nm using a 0.1-mm diameter cuvette at 37°C.
Oligomeric determination of EutT. Size exclusion chromatography inside an anoxic chamber was used to determine the oligomeric state of wild-type EutT and its variants in the absence or presence of ATP. EutT samples were dialyzed against 500 ml of phosphate buffer (50 mM, pH 7) containing 0.15 M NaCl for 30 min to remove any trace of ATP. Two more 30-min dialyses were subsequently repeated with fresh buffer. A subset of the EutT samples were incubated with a 10ϫ molar excess of ATP on ice for 30 min prior to being resolved on the gel permeation column. EutT was resolved using a 25-ml Superose 12 (10/300 GL) column (GE Healthcare) developed at a flow rate of 0.5 ml/min with phosphate buffer (50 mM, pH 7 at room temperature) containing NaCl (0.15 M). The buffer contained ATP (1 mM) when EutT samples previously incubated with ATP were analyzed. Gel filtration standards (Bio-Rad) were used to generate a standard curve for retention times on the column. The standard components were as follows: thyroglobulin (670 kDa), ␥-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B 12 (1.35 kDa). Additional standards of chicken egg white lysozyme (14.3 kDa; Sigma), bovine pancreas DNase I (31 kDa; Sigma), and bovine serum albumin (66 kDa; Promega) were used to increase the accuracy of the standard curve.
Native PAGE was performed to assess the stability of EutT variant proteins. A sample containing 5 g of protein was loaded on a 10% acrylamide gel and developed at 4°C (3 h, 95 V). The set of molecular mass markers comprised bovine serum albumin (66 kDa/monomer), S. enterica CobB (25 kDa), and lysozyme (14.3 kDa).
In vivo assessment of function. To assess cobalamin adenosylation in vivo, a strain (JE13176 cobA343::MudJ ⌬eut114 ⌬pduO523) lacking the housekeeping ACAT enzyme (CobA), the 1,2-propanediol degradation ACAT (PduO), and EutT was used as an indicator strain for growth on minimal medium. No-carbon essential (NCE) minimal medium (21, 22) was supplemented with ethanolamine (90 mM), methionine (0.5 mM), NH 4 Cl (30 mM), MgSO 4 (1 mM), L-(ϩ)-arabinose (500 mM), glycerol (0.5 mM), and trace minerals (23) . Strain JE13176 (see above) can use ethanolamine as a source of carbon and energy as long as AdoCbl is provided in the medium. Plasmids used for in vivo analysis were previously constructed (6) . Plasmids carrying the eutT ϩ and mutant alleles were under the control of the arabinose-inducible P araBAD promoter in plasmid pBAD24 (24) .
RESULTS AND DISCUSSION
Isolation of EutT to homogeneity. Our previous approach to the isolation of EutT yielded enriched, partially homogeneous preparations of the protein (ϳ70% homogeneity). Under such purification conditions, EutT activity was oxygen labile and was insoluble in the absence of detergent (6, 7) . More importantly, the use of detergent prevented the isolation of EutT to homogeneity. By fusing the maltose binding protein (MBP) to EutT, we bypassed the need for detergent, and the protein remained soluble after removal of the tag. This new approach yielded homogeneous EutT (Fig. 1) . Unexpectedly, EutT remained active in the presence or absence of oxygen, a result that was inconsistent with previous observations (6) . Reasons for this inconsistency were identified and are discussed below. The specific activity of homogeneous EutT did not decrease over 6 months when kept at Ϫ20°C in 50% glycerol, nor did it decrease over 4 h when removed from Ϫ20°C and kept on ice.
EutT can use free dihydroflavins to drive the adenosylation of cob(II)alamin. Our laboratory has shown that PduO ACAT enzymes can use free dihydroflavins to drive the adenosylation of cob(I-I)alamin (20) and that enzyme activity depended on the generation of a four-coordinate cob(II)alamin species in the active site. The redox potential of free dihydroflavins is not low enough to drive the reduction of free cob(II)alamin to cob(I)alamin in solution, yet it is low enough to reduce the four-coordinate cob(II)alamin bound in the active sites of PduO ACATs. The total concentration of free dihydroflavins in S. enterica is unknown, although in E. coli it has been estimated at 4 M (25). Similar to findings for PduO, free dihydroflavins also reduced cob(II)alamin in the active site of EutT, leading to the formation of AdoCbl (Fig. 2) . The specific activity of EutT when cob(II)alamin was the substrate was unaffected by the choice of reduced dihydroflavins. That is, incubation with reduced flavin mononucleotide (FMNH 2 ) resulted in specific activity of 15.8 Ϯ 0.2 nmol/min/mg, incubation with FADH 2 resulted in specific activity of 16.3 Ϯ 0.4 nmol/min/mg, and incubation with dihydroriboflavin resulted in specific activity of 15.5 Ϯ 0.4 nmol/min/mg. The fact that even dihydroriboflavin, the vitamin form of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) can serve as an electron donor suggested that the 4-coordinate cob(II)alamin species in the active site of EutT could be reached by free reduced flavins without the assistance of a protein. Subsequent work was performed using FADH 2 in the Co 2ϩ assays. Together, these results suggested that EutT facilitated the unfavorable reduction of cob(II)alamin and that an electron transfer protein might not be necessary for EutT function given the level of reduced dihydroflavins in the cell.
EutT loses activity in the absence of ATP. Initial preparations of EutT enzyme lost catalytic activity over time, even when the enzyme was kept under anoxic conditions on ice. The Co 2ϩ assay described in Materials and Methods showed that the activity left after 2 h dropped to less than 65% (see Fig. S1 in the supplemental material). This loss of activity was avoided by the addition of MgATP (1 mM) to the buffer. Therefore, subsequent purifications of EutT included MgATP in the buffer used after nickel affinity chromatography.
To gain insights into how MgATP affected the catalytic activity of EutT, we performed size exclusion chromatography analysis of EutT in the absence and presence of MgATP (see Fig. S2 in the supplemental material). The retention time of EutT protein corresponded to ϳ60 kDa, while the predicted molecular mass of an EutT monomer is 30.3 kDa; thus, we concluded that EutT was a dimer in solution. The dimeric state of EutT was unaffected by MgATP treatment, which led us to conclude that MgATP did not influence the quaternary structure of EutT. The mechanism by which MgATP stabilizes EutT activity cannot be surmised from this study and remains an open question.
EutT copurifies with Zn(II) ions. A previous report from our laboratory, in which EutT was enriched from lysates, suggested that EutT contained a redox-active metal (6) . The chief reason for suggesting that EutT was a metalloprotein was based on (i) the presence of a conserved HX 11 CCXXC 83 motif, similar to motifs found in Fe/S-containing proteins (26) , and (ii) the lability of EutT activity to oxygen and to the metal chelator bathophenanthroline (6). Our previous work suggested that residue His75 was part of this motif, but bioinformatics comparisons of EutT sequences showed that His75 was not conserved. We replaced His75 with alanine and determined that the activity of the resulting variant was unaffected in vitro and in vivo (data not shown), indicating that His75 was not critical for EutT function. Bathophenanthroline, the metal chelator used in our previous study of enriched EutT (6), did not significantly affect the activity of enzyme purified in the absence of detergent. When homogeneous EutT was incubated with a 5ϫ molar excess chelator, the enzyme retained 95% of its activity relative to that of the enzyme incubated in the absence of bathophenanthroline for the same time (30 min at 37°C; data not shown). To reconcile previous and past results, we posited that the metal originally bound by enriched EutT was lost in the purification process for homogeneous EutT.
When we used the new protocol to purify EutT, the activity of the enzyme was unaffected by oxygen. This result prompted us to look for an explanation to our previous observations made with enriched EutT. To this end, we performed metal ion analysis using ICP-OES on EutT protein samples to determine whether or not metal ions were present in our Ͼ99% homogeneous EutT preparations and, if so, which ions were present. Surprisingly, the wildtype Eut (EutT WT ) protein contained Zn(II) ions in approximately a 1:2 Zn(II)/EutT molar ratio (Table 1) . We substituted alanine for each of the conserved residues in the aforementioned HX 11 CCXXC 83 motif of EutT and measured the metal content in each variant. We found that EutT C79A and EutT H67A contained Zn(II) at an approximately 1:3 Zn(II)/EutT molar ratio, but Zn(II) was undetectable in the EutT C80A and EutT C83A variants. On the basis of these data, we suggested that the HX 11 CCXXC 83 motif was involved in the acquisition of a metal cofactor.
EutT requires Fe(II) ions for optimal activity. Classifying EutT as a Zn(II)-binding metalloenzyme did not explain the observed bathophenanthroline and oxygen sensitivities of EutT-enriched cell-free lysates. To us it made sense that EutT/Zn(II) was not sensitive to either effector, since Zn(II) is not redox active and thus would not be inactivated by oxygen. The metal chelator bathophenanthroline has been used since the 1960s as a reagent for detection of Fe(II) in biological and environmental samples and likely did not chelate Zn(II) bound to EutT (27, 28) .
To test the effect of different divalent metal cations on EutT activity, we used EDTA to demetalate EutT before incubating it with a 10ϫ molar excess of divalent metal cations under aerobic and anaerobic conditions. The results shown in Fig. 3 indicated that there was a clear requirement for metal cations and that several transition state metals could fulfill such a need. Notably, the highest EutT activity was observed after metalation of EutT with Fe(II) ions. Not surprisingly, the activity of EutT/Fe(II) was abolished under oxic conditions, likely due to the oxidation of Fe(II) to Fe(III). Zn(II) ions provided the second-highest activity, but the activity of EutT/Zn(II) was insensitive to molecular oxygen and hydrogen peroxide. Co(II), Ni(II), and Mn(II) ions also stimulated EutT activity but to levels lower than those measured with EutT/Zn(II) and EutT/Fe(II). The activity of EutT/Zn(II) and EutT/Fe(II) was lost upon exposure to EDTA, indicating that activity was reliant on the concentration of available metal ions (see Fig. S3 in the supplemental material) .
We did not detect iron bound to EutT using ICP-OES. We used a colorimetric assay specific for ferrous iron to investigate Fe(II) binding to EutT (Table 1) . From these experiments we found that demetalated EutT bound Fe(II) in the same monomer/ion ratio at which it bound Zn(II). The physiological significance of this ratio is unknown. One possibility is that the binding site for the metal is at the subunit interface of the EutT dimer. Alternatively, the EutT monomers might exist in two different conformations and only one is capable of binding metal at a time. Determination of the specific EutT ligands binding transition state metal ions by magnetic circular dichroism is an ongoing area of study and will be discussed in a separate study. Possible roles for the metal ion in EutT function. The role of the metal cofactor is unclear. One potential function could be to promote proper enzyme folding. To investigate this possibility, we used CD spectroscopy to examine the folding of demetalated EutT and EutT/Zn(II) enzymes. We could not test EutT/Fe(II) because anoxic conditions could not be set up for this analysis. The CD spectra of demetalated EutT and EutT/ Zn(II) were virtually identical (see Fig. S4 in the supplemental material), suggesting that the lack of the metal ion did not cause the enzyme to misfold.
Precedent in the literature. Our results were similar to those reported by others, who determined that metalloenzymes previously thought to be Zn(II)-binding proteins exhibited higher activity with ferrous iron (29) . In light of this precedent, we propose that, even though EutT can bind Zn(II) and retain some of its activity after losing Fe(II) to oxidation or diffusion, the higher specific activity of EutT/Fe(II) suggests that, in vivo, EutT might be a ferroprotein.
Iron and zinc are the two most abundant transition state metals in E. coli (30) and probably in S. enterica. Mn(II) ions are typically imported under oxidative stress or iron shortage (31), while Ni(II) is imported only under anaerobic growth ((32). It should also be noted that Zn(II) is a common contaminant in the laboratory setting (33, 34) . Our protocol for EutT purification is substantially longer than the protocol for EutT enrichment from lysates. The protocol in this paper involves three chromatography steps, whereas the previous enrichment method involved no chromatography or dialyses. Thus, there is a greater chance that EutT would lose its native cofactor in the purification than in the enrichment and a strong likelihood that apo-EutT would bind Zn(II) present in solution.
EutT exhibits non-Michaelis-Menten kinetics. EutT
WT kinetics did not exhibit Michaelis-Menten behavior. Rather, the kinetics of the reaction manifested as a sigmoidal curve (Fig. 4) . At concentrations of ϾK 0.5 (where K 0.5 is the substrate concentration at half the maximal velocity), the kinetics were concave but returned to a linear range before the rate plateaued due to substrate saturation. Although a variety of mechanisms could cause this effect, the simplest explanation would be cooperativity. For the purpose of this study we report the constants pertaining to cooperativity (Table 2) . Given the dimeric nature of the protein and a Hill coefficient of ϳ2 (Fig. 4) , the data suggested that EutT was positively cooperative. This is the first ACAT enzyme to display such cooperativity. The role of cooperativity within the context of ethanolamine catabolism is unknown, although it may increase the efficiency of scavenging cob(II)alamin at low concentrations.
Kinetic analyses were performed on Fe(II)-reconstituted EutT WT and individual variants of the HX 11 CCXXC 83 motif using 
(1.7 Ϯ 0.1) ϫ 10 the Co 2ϩ assay ( Table 2 ). The assay employed in these experiments provided EutT with cob(II)alamin as the substrate, the cobalamin species that EutT encounters in the cell (20, 35) . Previously reported kinetic parameters of EutT WT were determined with cob(I)alamin as the substrate; the value for apparent affinity was lower (K m of 4 M) and that for turnover higher (k cat of 0.06 s Ϫ1 ) than the values reported herein (6) . The reported differences can be explained by the fully reduced nature of cob(I)alamin, which eliminates the need for the formation and reduction of the four-coordinate intermediate. Thus, kinetics parameters for cob(I) alamin solely reflect the rate of binding and rate of the nucleophilic attack on ATP, whereas those for cob(II)alamin reflect the rates of binding, reduction, and the nucleophilic attack.
The kinetic parameters of EutT variants with altered HX 11 CCXXC 83 motifs differed significantly depending on the purification method. Variants with individual Cys-to-Ala variations were shown to have substantially less (Յ20%) activity than EutT WT when purified with detergents (6). However, EutT variants purified without detergents behaved differently. For example, EutT C79A had no significant effect on K 0.5 relative to hydroxycobalamin (HOCbl) but displayed an ϳ5-fold decrease in k cat , and the catalytic efficiency (k cat /K 0.5 ) was 1 order of magnitude lower than that of EutT WT . EutT C83A had a 10-fold-lower k cat than EutT WT , a 3-fold-higher K 0.5 , and a 30-fold decrease in catalytic efficiency. Although we did not detect any metals bound to this variant, it is possible that the concentration of metal was below the detection limit of the method used, but metalation of EutT C83A still promoted measureable activity. Variant EutT H67A , which had not been kinetically analyzed before, displayed a 3-fold-higher K 0.5 , a 3-fold-lower k cat , and a 10-fold-lower catalytic efficiency than EutT WT . However, the most dramatic effect was observed with the EutT C80A variant, which had no detectable activity, indicating a critical function for this residue.
To determine the effects of substitutions on variant protein stability, we performed native PAGE (see Fig. S5 in the supplemental material). EutT WT , EutT C79A , EutT C80A , and EutT
C83A
proteins migrated primarily as a broad band between the 50-and 66-kDa molecular mass markers and were considered to be dimers. There was an additional high-molecular-mass species in the 66-to 132-kDa range and one more at ϳ132 kDa. The EutT H67A variant was detectable primarily in the 66-to 132-kDa range, with a smaller proportion existing as a dimer. This EutT H67A dimer appeared to have a slightly smaller size than EutT WT . These data suggested that the kinetic effects observed in EutT H67A might be due to structural changes to the enzyme. Taken together, our data suggest the likelihood that the HX 11 CCXXC 83 motif may be involved in binding a metal ion. Elemental analysis indicated that EutT could not bind metals without Cys80 and Cys83, while Cys79 and His67 bound metal ions at a reduced capacity. Interestingly, the kinetic data indicated that EutT C80A and EutT C83A had a much lower in vitro activity relative to that of EutT WT than EutT C79A and EutT H67A , although EutT H67A may disrupt oligomerization. On the basis of this information we suggest that the conserved HX 11 CCXXC 83 motif is involved in binding or maintaining a metal ion for activity, with the Cys80 and Cys83 residues likely to be most critical for this purpose.
In vivo effects of substitutions in the HX 11 CCXXC 83 motif on EutT activity. The effect of changes at positions His67, Cys79, Cys80, and Cys83 were assessed in an S. enterica AdoCbl auxotroph (strain JE13176). The allele coding for EutT C79A complemented almost as well as that coding for EutT WT during growth on ethanolamine as the carbon and energy source when the medium was supplemented with HOCbl (Fig. 5) (Table 2 ). Since the allele encoding EutT C79A supported growth of a ⌬eutT strain but alleles encoding EutT H67A and EutT C83A did not, we speculate that the affinity for the cobalamin substrate has a greater in vivo effect than the rate at which EutT can produce AdoCbl. Collectively, these in vivo data mirror the in vitro data, highlighting the need for residues His67, Cys80, and Cys83 for EutT function.
Reconciling previous and present findings. As mentioned above, our previous isolation procedure for the isolation of EutT rendered its activity sensitive to oxygen and metal chelation (6, 7) . Considering EutT a ferroprotein would explain both observations. In sharp contrast, considering EutT a Zn(II) protein would not explain our previous findings. Thus, we suggest that the new means of isolating EutT results in loss of Fe(II) and its replacement by Zn(II) ions, yielding active enzyme, although not as active as EutT/Fe(II), but insensitive to oxygen inactivation. One additional advantage to the new purification protocol is that it simplifies the isolation of active EutT enzyme (i.e., no need for anoxic conditions), and using a simple procedure we can exchange Fe(II) for Zn(II), with a concomitant increase in the activity of the enzyme.
Concluding remarks. The results reported herein lead us to conclude that the S. enterica ACAT EutT enzyme binds a divalent transition state metal ion that is important for its activity. EutT is the first example of an ACAT that requires a metal ion for func- tion. The likelihood that this metal is Fe(II) is high since enzyme activity is highest when EutT is in complex with Fe(II) ions. It is proposed that residues within the conserved HX 11 CCXXC motif interact with the metal ion. However, the identity of the metal ion bound to EutT in vivo has not been confirmed, nor has the specific mechanistic effect of the metal ion on EutT activity been discerned. Growth of S. enterica in medium supplemented with 59 Fe and subsequent immunoprecipitation of EutT could help determine if iron is the in vivo cofactor of EutT. Spectroscopic studies of EutT, which will be published elsewhere, analyze the effects of the putative metal ion cofactor and the conserved HX 11 CCXXC motif on enzyme function. The role of EutT cooperativity with regard to ethanolamine catabolism remains a topic for future research. Increased sensitivity to substrate may allow it to respond more quickly to the metabolic needs of a cell switching to growth on ethanolamine. The study of orthologous EutT may help determine how widespread this positive cooperativity is and may shed more light on its contribution to ACAT-dependent physiology.
